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SUMMARY 



The first phase of this investigation wa.& concerned 
primarily with the determination of a suitable aerody- 
namic setup. When the final flow arrangement was achieved, 
attention was turned to the measuring equipment. 

In order to permit a thoroUff^h investigation of the 
mechanism of the spread of free turhulence.. a new four- 
wire, two-amplifier hot-wire sefc was corstructed. A^ato- 
matically recording mean velocity and temperature instru- 
ments also were made and were used in the initial stage of 
the research in the final jet setup. The preliminary^ run s 
consisted of measurements of mean velocity and temperature 
distri Dutions along diameters of several sections normal 
to the axis of the heated air jet issuing from a convergent 
straight nozzle with a mouth diameter of 3 inches. The 
«sections ranged f i om the nozzle mouth to an axial distance 
of 12 diameters, or 36 inches. Preliminary measurements 
also were made of the a:.ial component of turhulence in 
the center region of each cross section. 

The preliminary results displayed serious asymmetry 
at relatively low axial distances. Since the effect ap- 
peared to "be due to external disturbances, the change to 
a smaller jet size was indicated to permit measurements 
at greater axial distances. All the final measurements 
were carried out "by the author in the jet issuing from a 
nozzle 1 inch in mouth diameter. 

In this 1-inch heated jet, lateral diametrical 
traverses of mean velocity, temperature, and the- ayial 
component of the '■urhulence were run at several stations 
"between the end of the potential cone and an axial dis- 
tance of 40 di.— :. ers from the mouth. At an axial 
distance of 20 ii-ameters, measurements also were made of 
one radial component of the turbulence, of the correla- 
tion between axial and radial components of turbulence 
at the same, point , and of , the correlation between the axial 



turbulent velocities at eoual-speed points on opposite 
sides of the Jet axi<3. 

Oscillograms were taken of the axial velocity fluc- 
tuations at several points along the ^et radius at 20 
diameters. These oscillograms together with the correla- 
tion measurements indicate that completely turhulent flow 
exists only in the center region of the jet, forming a 
turbulent core. It is found that the flox^r in the ex- 
tremely low velocity region at the edge is apparently 
laminar, corresponding to a sort of laminar collar; vrhile 
"between these is an annular transit! on" region where the 
flow fluctuates betv;een the laminar and the turbulent 
states. 

The temperature was found to spread more rapidly 
than the velocity^ as has been recorded in all previously 
published results. 

The diametrical distributions of mean vel ocit y -and ' 
temperature are compared with the results of three theo- 
ries for fully developed turbulent flow in a free heated 
jet vrith constant density and viscosity. It is found 
thatj. in each case, either the velocity or the temperature 
distribution (depending upon the scale of ab s c i s sa s ) " can 
be made to give a fairly good check between theory and ex- 
periment in the turbulent jet core, but never both veloc- 
ity and temperature simultaneously. 

An oscillogram also was taken of the regular fluc- 
tuations existing in the region of the jet before the end 
of the potential cone. This type of fluctuation was first 
observed in the 3-inch jet by Mr. Thiele in 1940. 

INTRGLUCTIOIT 



The v/ork done under this contract falls essentially 
into tv/o partsi The first part was the design and con- 
struction of the equipment and the running of preliminary 
tests on the 3-inch jet, carried ou.t by Mr. Carl Thiele 
in 1940; the second part," consisting of the measurements 
in the 1-inch jet and the preparation of this final re- 
port, was carried out by the author. 

For a complete investigation of the general charac- 
teristics of a turbulent flow, some rather complicated 



nieasureriient s are necessary. Because of this and "because 
of t-.ie increasing diffic-alty in obtaining electrical 
supplies,, it was decided in 1941 that any new equ i-pmenf 
needed in the further investigation of the general" tur- 
bulence problem should he constructed immediately, " 
Accordingly, a very coiiiplete hot-wire set was desig'he'd 
and huilt in the fall of 1941, and was first applied- 'in " ' 
this research project. 

In an approach to the general prooleni of" free tur-' 
hulence. an. inve s tigaL 1 on of the flow in a free jet is 
of -par.tipular in-oer..est. • Up to the present time, if has* 
"been as.sumed that .the flow in the free jet issuing from 
a circular orifice i.nto a stationary mediuiu of the same" 
density and viscosity roaches a fully develoTDed condition 
at about. 8 or- IC diameters from the orifice — that is, 
fully developed in the sense of attaining a configuration 
which is maintained with similarity donn st r earu. In kh 
a:?:ially syi^imot x ical jet it has "been" found that the "potBn- 
tial cone," in which the . -veioc i ty is equal to that at the 
nozzle mouth, has its apex about diameters from tte 
mouth . but ' that the final ( dimensi onle s s ) velocity pro- 
file 'is not reached until the distance of 8 or 10 diam- 
eters pr evi O"!.:'. sly mentioned. 

Ruden .( reference 1) .and Kuethe (reference 2) have 
bothrmade , measurement s in- jets with axial symm.etry. 
Ruden measured velocity and temperature distributions 
out to an axial distance of about "15 diameters in a 
hea.ted.jet; while Kuethe measured detailed velocity dis- 
tributions and made some turbulence measurements out to 
9 diameters m an iinheated jet. Poth investigators 
found that 3imiil?rity of velocity profiles was reached 
before 10 diameters, which ledd to the g-eneral belief 
that complete mechanical similarity in, a jet was reached 
there. It was thought^ however , that the turbulence dis- 
tribution in a radial direction m.iglxt- serve as an' indica- 
tion of a fully developed state, Fur ch-errnxor e , it was 
felt that the limit of 15 diamieters', which appeared to 
bo the greatest axial distance included in any previously 
published results, m.ight be insufficient to give a com—' 
prehensive picture of the nature of the flow. The inves- 
tigation program, therefore, was set up to include cbnnDlete 
measurements of at least the axial component of turbulence 
and sectional traverses out as far as 40 diamiet er s ' f r om 
the nozzle mouth. 

All turbulent- j et analyses published ur) to the present 



time are "based upon the fundamental assumption that the 
flow is completely turhulent a^-rross the entire width of 
the jet. The two turbulent jet theories most widely ac- 
cepted at the present time are Prandtl's momentum trans- 
fer theory (reference 3), and the modified vorticity 
transfer theory. of G. 1. Taylor (reference U). In this 
report there also are included the results of a third 
method of attack on the general turhulence prohlem^ pre- 
sented "by ?• Y» Chou (reference 5). The particular 
application of this theory to a jet has "been made hy C. C, 
Lin^ currently at the GALCIT, This apiDroach is equivalent 
to the assumptions ssuggested hy T. von Karman (reference 6) 
The application of the momentum transfer assumptions to 
this prolilem was carried out hy Tollmien (reference 7)^ 
the calculation of the modified vorticity transfer prin- 
ciple applied to a jet was made hy Tomotika (reference g)^ 
and the results of the two theories were summarized hy 
L, Eowarth (reference 9). Also, the prohlem of tUe 
velocity distr i'but ion in the annular region around the 
potential cone of an axially symmetrical jet has "feeen 
solved on the "basis of the momentum transfer assumptions 
hy A, M« Kuethe. Shortage of time has precluded the com- 
parison of the 3-inch jet measurements with Kuethe's 
s olut ion, 

A comparison of the di st r ihut ions of mean velocity 
and temperature in a free jet the initial teniperature of 
which is slightly different from that of the receiving 
medium presents an excellent opportunity for comparison 
of the rates of diffusion of the two quantities, momentum 
and heatj without introducing the complexity of varia"ble 
viscosity and density. 

This investigation, conducted at the California 
Institute of Technology, was sponsored "by,, and conducted 
with financial assistance from,, the National Advisory 
Committee for Aeronautics. The work was carried out 
under the general supervision of Dr « T„ von Karman and 
Dr. C. B. Millikan, whose interest and advice are 
gratefully acknowledged. Particular thanks are due to 
Mr. Carl Thiele for his splendid joh of designing and 
constructing the equipment and getting the research under 
Way and to Dr. Hans Liepmann for his invalua'ble counsel 
and advice throughout the research. Theoretical discus- 
sions on many occasions with Mr* C. Ce Lin were also of 
great assistance. 
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SYMB OLS 

d diameter of nozzle mouth 

X axial distance from mouth 

r radial distance from jet axis 

U axial component of mean velocity, , 

'V radial component of mean velocity 

If tangential (rotational) component of mean velocity 

~ maximum value of U at a section (i.e. , on the axis) 

Uq maximum value of U in the jet (in potential cone) 

ro the value r at any section for 77hich U = ~ Ujj^ 

u axial component of instantaneous velocity fluctuation 

V radial component of instantaneous velocity fluctuation 

w tangential component of instantaneous velocity 
fluctuation 



u ' = v"^^ 



u^ vj_ 

u ' u ' u 

P pressure 

p air density 



turbulence levels 



*Mean value;: of velocity and temperature referred to 
in sr/mcols are time means. 



air viscosity coefficient 

& air kinematic viscosity 

P . 

shear 

mean t einx)erat-ar e , measured above room temperature 

maximum value of mean temperature at a section 
( i , e , , on t n e axis) 

maximum value oi mean temperature in the jet (at the 
mouth ) 

instantaneous t emperature f luctuat ion 



"mixing length'^ in momentum transfer theory 
"micro-scale" of tiirhulence 

correlation hetv/een any tv/o fluctuating quantities, 
A and B 

= correlation coefficient 

u W ■ 

= ~J.^^ correlation coefficient 

total kinetic energy crossing a section of the jet 
in unit t ime . . 

kinetic energy of m^ean flo-^ crossing section in 
unit time 

turbulent kinebic energy crossing section -in unit • 
time 
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I. PRELIMINARY MEASUREMENTS ON A JET 3 INCHES IN DIAMETER 



EQUIPMENT AND TESTING PROCEDURE 
Aerodynamic Setup 



Figure 1 is a schematic diagram of the wind-tunnel 
and installed Jet unite. The four— "blade steel propeller 
is driven by a three-phase induction motor rated at 15 
horsepower and run from a variable frequency generator. 
In all this work^ the unit was run at only a small frac- 
tion of rated power. 

The 6"|— foot square "pressure box" was adapted from 
the former GALCIT calibration tunnel. The air is heated 
by means of 16 Calrod heating units mounted in the primary 
contraction (fig. 2), and there are two screens mounted 
between the heaters and the final jet contraction, which 
was a STDun aluminum convergent nozzle. In an effort to 
obtain a uniform temperature distribution across the mouth 
of the nozzle, part of the heated air was ducted along the 
outside of the large circular pipe leading to the nozzle, 
BO that this pipe and the beginning of the nozzle contrac- 
tion were immersed in heated air. That this scheme was 
not corr^pletely successful can be seen from the temperature 
distribution nieasured at the mouth. It did represent, 
however, a distinct imp r over.ent over the wooden nozzle 
first tried. Possibly this inaccuracy in one of the tem- 
perature boundary conditions had an effect upon the tem- 
perature profiles in the region of the jet upstream, from 
the end of the potential cone, as will be discussed later. 

All tests on the 3— inch jet were run at a mouth ve- 
locity of 2 0.5 meters per second and a maximum temperature 
difference of about 13^ C. 

The platinum hot wires used to measure u* were 
etched Woilaston, 0.00025 inch in diameter and approxi- 
mately 2 millimeters in length. Mean velocity, was meas- 
ured -:ith a small total head tube, and temperature was 
measured with a small copper-c onst antan thermocouple. 

The amplifier output for turbulence readings was 
put through a thermocouple into a critically damped wall 
galvanometer with a 3-second period and a full scale de- 
flection of appr oximiat ely 20 centimeters. 
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Both mean speed and temperature irere photographically 
recorded "by means of an automatic-traversing arrangement. 
The total-head pressure line was run into a small copper 
"bellows v/hich tilted a mirror, there'oy deflecting a narrow 
light "beam upon a unifoimly moving sheet of sensitized 
paper. 

The rocordi:".g of tern'oerature on the sensitized paper 
utilized directly the lignt heam reflected from the mirror 
of the wall galvanometer. 

The traversing .Tas accomplished "by means of a. screw- 
driven carriage running horizontally along a steel track. 
The screw was rotated by a reversihle electric motor and, 
during the photographically recoi'^ed runs, the sensitised 
paper v:as mechanically connected to the hot-wire carriage 
so that the ahscissas of the recorded curves would "be ex- 
actly equal to the true lateral distances. Figures 4 and 
5 show an over-all view of the traversing unit and a close- 
up of the carriage and motor. Photographs are of the 1- 
inch jet installat ion, which was identical with that for the 
3-inch jet unit, except for the wall in the plane of the 
nozzle mouth in these pictures. 

Measuring Equipment a.cd Procedure 

This new hot-wire set (photographed in fig. 6) con- 
sists of the following elements- 

1„ Four hot— v/ire heating circuits and potentiometer 

2, One bridge circuit which can be used with any of 

the four heating circuits 

3. Two compensated amplifiers with very nearly the 

sam.e -phase shift and gain characteristics 

4o One amplifier in which the outputs of the other 
two RLivlifiers can be added 

TTith this iactrument the following flow properties 
can be measu.red' 

1. Mean sp ^ d, U 

2. The three t)rincipai turbulence components, 

u ' v j \^ 

U ' u ' • u 
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3. The correlations at a T)Oint , uv and iiw 

4. The correlations between turhulent velocity com- 

ponents at two points, in flows with or without 
a gradient in the mean velocity 

The "bridge circuit is so arranged that the hot-wire 
"time constant" can oe deteimined by superimposing equal 
a 1 1 ernat i ng- current voltages at two frequencies upon the 
balanced direct-current bridge circuit. 

The gain of each amplifier Is constant to within ±3 
percent over a frequency range from 5 to 9000 cycles per 
sec ond. 



RESULTS OF THE PRELIMIN.lRY MEASUREMENTS 



The measured results are plotted in figures 3 to 16. 
5'igure S shews the di st r ibut i cia of mean velocity, mean 
t em.p eratur e , and turbulence along the axis of the jet. 
The velocity is plotted both uncorrected and ap-or oximat ely 
corrected for the effect of tur balencc--' upon the total head 
tube readings. Assuming constant static pressure through- 
out the jet. the average pressure at the T:uuth of tube in 
a turbulent flow is* 




where U is the axial mean velocity and u is the In- 
stantaneous axial velocity 1 1 uc txis t i o a. Therefore, 

2 

since 

= 0; 



and the dynamic -.rsssiire corresponding to the mean ve- 



locity is 



£ U = 



1 f ^ 



♦Neglecting tho effect of lateral fluctuations 
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Figures 9 to 18 give the measured mean velocity and 
temperature distributions across sections normal to the 
jet axis. All of these velocity and temperature distri- 
hutions ^ere continuously recorded r)hot ographically , and 
the plotted results are curves faired through the photo- 
graphic data. Since this continuous recording method 
tends to give Instantaneous fluctuations in the quantity 
"being measured (unless consideraole t^^erdamping is em- 
ployed), the scatter of the photographic curves is appre- 
ciably greater than that of p o int-hy-p o int measurements 
v/hich involve a process of m.ental time-averaging in the 
recording of the observed data. 

The distributions of turbulence level along the axis 
and in sections normal to it are also given in these fig- 
ures. Unfortunately, since the transverse measurements 
have been made in only the central part of the Jet, a 
complete picture cannot be gotten from them. 

DISCUS SI OIT OP RESULTS 
Velocity and Temperature 

Asymmetry in the velocity profiles becomes appreci- 
able at an axial distance of about 4 diameters, and ap- 
pears even sooner m the temperature curves. The nature 
of the velocity asymmetry, a high region on the left side 

cf the axis for ~ < 0,4, seems:: to indicate that the 

Urn 

flow condition actually existed^ due perhaps to external 
disturbance or to misalinement of the nozzle relative to 
its circular duct. On the other hand, the temperature 
asymmetry consists of an apparent change in the zero- 
ordinate level between opposite sides cf the jet, and it 
appears more likely that this is due to the method of 
measurement than that it is representative of a true con- 
dition of the jet:. 

One of the cr.joretical boundary conditions for this 
jet problem is t precisely satisfied: The temperature 
profile at the mouth deviates appreciably from a rec- 

tangular shape . spite of the ducting system for heating 
the v/alls of the channel leading to the nozzle. Even so, 
this temperature profile represented a considerable im- 
provement over that existing in the jet emerging from the 
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wooden convergent nozzle ^ith -jliich these experiments 
v/ere first triede 

It has not teen determined ^vhether the nature of the 
deviation from this particalar boundary condit i on. has any 
appreciahlG effect .on the difference in the relation of 
the velocity and temperature profiles in the two regions 
of the jet separated by the section at an axial distance 
of about ? diameters from the mouth. ?'or x < ?d, the 

curve of is lo-ver than — in the central part . of 

m TT 

the jet, T7hile for x > 7d the temperature is every^There 
higher. It is possible that the existence of a definite 
temperature gradient in the main body of the jet at x = 0, 
v;here there is no corresponding velocity g-radient^ has 
accentuated the condition.- 

It seems probable^ hovrever , that this change in rel- 
ative shapes of the velocity- and temperature profiles :s 
a true characteristic of a heated jet. In the region up- 
stream of the potential cone the flOTT may be approximated 
by the two-dimensional case of the single mixing region 
between a 5emi-j.nf i ni_t e moving body of heated air and a 
semi-lnf ilili^ body of stationary cooloi air. In this case 
it seems evident that, if the effective hea o-t ransf er 
coefficient is assumed greater than the effective shear 
coefficient, the diiv- ensionless plots of temperature and 
velocity across a section normal to the flo»7 (i.e, , carves 
of U/^in ^/"^m against the same abscissa r/r^) 

wiil.^ sh©T7 temperature lo^er than velocity in the region 
of higher values of the two variables; conversely, they 
will show tem.perature higher than velocity in the region 
of lower values. For the. fully developed jet with axial 
symmetry it is obvious that the same assumption of heat- 
transfor coefficient greater than shear coefficient leads 
to dimensi onless tcmioerature profiles everywhere higher 
thpn the corresponding velocity profiles. 

It should L.LbiO be noted that these velocity and tem- 
perature profile-' check the measurements of Ruden fairly 
wg11« 

Turbulenc e 

The "orincipal item of inte^^est connected with the 
turbulence measurements is the extremely rapid spread of 
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turbulence into the potential cone. It will "be noted 
th^t the turbulence level on the jet axis "begins to rise 
at an axial distance of only 1 diameter froni the nozzle 
mouth; while the velocity defect does not reach the axis 
until about 4^ diameters. This result was observed by 
Kuethe and has. been recorded in the i-inch jet described 
later. Its significance with respect to open-throat 
wind tunnels is apparent. 

The quantity u ' /U loses sorrie of its usefulness 
for high values; so "^y/^m also been plotted for 

each section. The full benefit of plotting either "^V^m 
or u'/Uq will become evident in the 1— inch jet where 
turbulence has been measured out to the edge of the jet. 

II. FINAL MEASUREMEOTS ON A JET l^INCH IN DIAMETER 



EQUIPMENT 

The experimental apparatus employed in this part of 
the work is basically the same as that used in the pre- 
liminary tests, with the following modifications; 

1. A 1— inch spun-aluminum convergent nozzle was sub- 
stituted for the 3— inch nozzle. The internal flow- 
arrangement was the same. 

2. A wall w$s set up in the plane of the jet mouth, 
perpendicular to the axis, in order to reproduce mere 
precisely the boundary conditions assumed in the theories. 
A check run was made without the wall in position, and 
although no appreciable difference Tas found in the flow 
characteristics in the "^fully developed" region of the 
jet, it was decided to run with the wall in position. 

3. No phot ographic— r ec or di ng technique was used for 
any of the quantitative measurements, since it was thought 
that some of the asymmetry in the 3— inch jet measurements 
might have been due to lag or permanent set in the moving 
parts of the recording system. 

4. Mean speed was measured with a single hot wire 
instead of a total head tube. One check run was miade with 
a total head tube, and the agreement was satisfactory. 
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mean velocity measured "by the hot wire 77 as 

VU'^ + "V^ rather than simply- U., Theref.ore the exTDeri- 
uental results have oeen labeled accordingly, vyith the 

symbol U;^^ to signify + c Over all hut the edge 

of the Jet ~ U, ai.d in the comparison between the- 

ory and experimental results, U (theoretical) is 
compared ^ith U;^ (experimental). As will "be pointed 
Glib later, the larg© discrepancy "betr/een experiment ajid 
the most satisfactory theory (fi^;. 50) at the edge of 
the jet is not due to this comparison of different ve- 
locity components. 

It should also be remarked that the tur'buler,ce com- 
ponent measured oy the single hot wire is the com-Donent 
in the direction of Uj^c However, it is everywhere 

wr it t en merely as u' ^ since i:i the turbulent core of 
the Jet the measured component of turbulence is probably 
equal to the true axial component (u') v/ithin the lim.lt s 
of accuracy of the m.oasurement s. 

The lateral turbulence level is vvritten as v * /Up^ 

although the v~meter was always set parallel to the Jot 
axis. However, tests showed that the effect of small 
deviations in alinement of the instrument from: the m.ean 
flow direction upon the out-oi:t was negligible relative 
to experimental scat tore 

5o The lateral component of turbulence and the tur- 
bulent correlation uv , were measured -.vith a biplane X— 
type meter composed of two platiniTm: wires, each set at 
an angle of about 45^ to the mean flow, and therefore 
perpendicular to each other. The wires were etched 
Wollaston, 0,00025 inch in diameter and api) r oximiat ely 4 
millim.eters in length. 

6. A Dumont oscilloscope with 5-inch phot ographic- 
tyne tube and a G-eneral Radio high-speed cam.era were used 
to record the o^c::llogram.s. 

7. The scale of u^ turbulence on the Jet axis was 
measured by mou . j ng a second hot-wire carriage on the 
steel traversing: Lrach. 

All runs .vere made at a nozzle velocity of 10 meters 
per second, and a maximum temperature difference of about 
10^ G. In order to check the assumptior. that this temper- 
ature difference has no ap-oreciable effect upon the hydro- 
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dynamic jet char^^c t eri st ic s , one traverse ^vas repeated 
without the addition of heat. The Ug/Uj^ and u«/Ug 
curves for the two cases chocked within the experimental 
scatter. 

Inclination of the jet axis due to free convection 
was ne^:l igihle. 

TESTS AND GBITERAL PROCEDURE 

1. Mean velocity, Uj^i measured with a single hot 

wire "by either constant current or constant 
resistance method 

2. Mean temperature, T: m.easurod with a small copper- 

constant an thermocouple across a wall galva- 
nometer 

5. Axial turliulence, u' : rneasured with a single hot 
wire in the conventional manner 

4. Radial turhulence, v^: measured with a "biplane 

X— type meter composed of two hot wires the 
outputs of which are subtracted before "being 
put into the amplifier 

5. Double correlation at a looint (turbulent shear), 

uv: measured with the same meter as v*. The 
outputs of the t^TO wires are put through the 
amplifier separately, and the correlation is 
com-T)uted from these results. 

6. Douhle correlation of axial turbulence at two 

equal— veloc ity points on opposite sides of the 
axis, u'^u^: m.easured with two single hot wires. 
In order to get a_m;easure of the scale of tur- 
bulence, the u'up was m.easured as a function 
of the distance between the v/ires. 

7r Oscillogram s of the u-f luctuat i ons -vere m.ade , 

using the single hot wire. The amiplifier out- 
put was photographed from the screen of an 
oscillcscopo the sweep of which had been cut 
out. The film motion supiDlied the continuous 
sweep. 



RESULTS 



Unless spec if ical].y described otherrrise, all quanti- 
ties plotted in this report are uncorrected for the ef- 
fects of turbulence upon the measuring instruments. The 
nature of these corrections V7ill "be discussed later. 



Mean Velocity end Temperature 

The measured velocity and temperature distributions 
along the jet axis and at each station are included in 
figures 1? and 22, As has been found by Ruden^ the tem- 
perature srireads at a greater angle than the valccity in 
the region of x greater than 8 or 10 diameters. It 
^ill be noted also that at 5 diameterc, the temperature 
distribution is narrov/er t'nan the velocity in the center 
part of the Jet, as recorded and discussed in the first 
part of the report, ITo detailed mea sur enieiit s rrere made 
in the 1-inch jet for x less than 5 diameters , but the 
temperature distribution at the nozzle mouth ;7as checked 
as being of the same nature as that in the 5-incli jet. 

The axial distributions show a crossing, or at least 
a coincidence, of the velocity and, temperature curves at 
large distances from the nozzle, in spite of the fact that 
the initial drop-off occurs much sooner for the tempera- 
ture than for the velocity. 

Turbulence 

a) liirbl2li^iiii£_l^v£l. — The measured local turbulence 
level "^VUj^ as v/eil as the values of ^V^'m com.puted 
from u*/Up^ and the faired velocity profile, are included 
in figures 18 to 22, Probably the quantity "^'/^R loses 
its significance in regions of extremely low velocity like 
the edge of the jet. A better comparison of the turbu- 
lence di st r ibut :u or, s at successive stations can be gained 
from figure 23 r^lxe -e u*/Uq is TDlotted against the radius. 

This clearly sho-s the radial spread of the fluctuating 
energy ( really , t^ie square root of tlie energy ) as the florr 
travels in the . lal direction. 

The only measurement of the radial turbulence compo- 
nent v' is compared in figure 24 ^.vith the u^ at the 
same station. 
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1^ ) C orr elat i^n_^e t ween_v e 1 q 
sam e -point .- The correlation and the correlation coeffi- 
cient are given in fi{;ure 25. The coefficient is defined 



the turtulent shear iSj of co^jirse, 

T = ~p uv 

and will he discussed in the next section. 

The tremendous scatter in 'R^^^ in the outer annulus 
of the Jet, as well as the sharp decrease in "both R^^^ 
and uv toward this region, seern to indicate a deviation 
from the true turbulent state, a hypothesis which receives 
especial siipport from the oscillograms of the velocity 
fluctuations. 

c ) C orrelat ion_h,etwe3n_vel 

-Qil^t s . - Figure 23 is the one measured di st r ihut i on of 
"between points symmetrical about the Jet axis. This 
correlation coefficient is defined by 



==- 



u 



An important result shown by this curve is that there is 
no whipping of the jet as a whole; whipping could result 
from a general instability of the system. If such a con- 
dition existed, the correlation would not go to zero with 
increasing r, but would increase negatively. 

^) Oscillograms^ - The series of oscillograms in fig- 
ure 27 indicates a definite deviation from the fully tur- 
bulent regime toward the edge of the Jet. A completely 
turbulent core exists out to approximately r^, the 

radius at which the mean velocity is one-half the miaximum 
mean velocity at the section, which is, of course, on the 
j e t a X i s . 

Fi^?-ure 28 shows the type of regular fluctuations first 
o-bserved in a 5-inch Jet by Thiele in 1940. These are 
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oscillograms of the u-f Inctua t i ou s in the 1-inch jet at 
3.71 a::ial distance of 2 diareters. The tottoni oart lb a 
200 eye le-p er-sec ond timing; x?ave , which apr>lies to "both 
figures: 27v.a.TSd'^;^8; figure 28a Tvas recorded on the axis 
in the potential cone and figure 28"b was recorded at a 
radiuL equal to the radias of the nozzle mouths This is 
approximately the inner edge of the free boundary layer. 
The layer is evidently turhulent, or the regular ^javes 
would continue throixgh it. 



THEOHITICAL AIIALY S3 S 
Velocity 



Tor a free Jet of this type the usual turbulent 
boundary layer assumptions are applied to the general 
ilavier— St oke s equation. The simplified equation must be 
solved with the boundary conditions 7=0 and 

— =0 at r = 0 (on the axis). Also the velocities 
br 

and their derivatives must vanish as r becomes infinite 
Since the axial pressure gradient is neglected, the rate 
of flow of axial momentum across all sections is the same 



2tt p / U r dr constant 

Since viscosity is ne^'lected, 

T = —p uv 



a ) m_ejnt um_i r ^ii.^ f jex_ t h^_QX-y The assumption that 
momentum is the transportable quantity with a mechanisrm 
analogous to the kinetic theory of gases leads to 

Sr 

which giv3s tho c'iuation of motion* 

U ^ + V . - i ^- ( i^ r ^) 
bx br rbrV Sr/ 
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Prandtl farther suggested the assumption of v i ~ 

^ r 

is intrinsically negative in an axially 



or , since 



symmetrical jet, v 
IhrJ \br 

wr it t en 



dr 



This leads to 



and the equation of notion may "be 



oU 
L dr. 



or 



bx $ r r d r 



Tollmien assumes similarity at different sections 
of the jet and assumes that i is constant across any 
section and proportional to the radii r^^ of the sec- 
tions. Having found experimentally that r^ x, he 
assumes l - ex. * . > 

b ) M oM£ie^_vo r^ic it y;_ trans fer . - Taylor 

assumes that vorticity is the transportable quantity and 
is carried unchanged from one layer of fluid to another. 
This, with the assumption of isotropy of turbulence, 
yields the equation of motion 



U — + V — = iv 



c r 



U 



+ i 

r c r 



Assuming uith Prandtl that jv - I 
Tomotika have 



Hoi^arth and 



u ^5 + V 



C)X 



5r 



r or J 



and they also assume I = ex. 
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c) A third approach to the calculation of the veloc- 
itiec in turbulent flo^v ^as presented hy Pc Y. Chou. 
The equations are ohtrined hy c on st riict i ng correlation 
functions from the equations of turbulent f luctupt ions. 

In the application of this theory to the jet, Lin 
has employed J in addition to the boundary layer approxi- 
mationsi 



1. The assuFuption of nechanical similarity/ of mean 

quantities extended to include all the double 
(and triple) correlations 

2. Certain considerations based upon similarity of 

fluctuations, and the microscale of t-ijr bulence 

5. The assumption that the triple correlations of 

the turbulent fluctuation vjhich vanish at the 
center of the jet are negligible throughout 
the jet 

These assumptions result in an expression for the 
shear which is identical to the form suggested by Von 
Karman in 1337: 

V b r 



In addition, Lin assumes 

4, That v*^ and X arc constant. This final 

assumption amounts to a constant shear coef- 
ficient,* and the form, of the solution is the 
samie as that for a lamiinar jet: 



*Since the rzriting of this report, copies of t^vo ne^ 
theorbuical p^^pers on the problem, of free turbulence have 
been received. Both authors advocate the assumption of 
a constant shear coefficient for the calculation of the 
floT7 in a free jet. The papers are: 

Prandtl, L. : Bemerkung zur Theorie der freien 
Turbule.e. Z.f,a.M,M. , vol. 22, Oct. 1942. 

Gortler, : Berechnung von Aufgaben der freien 

Turbulenz auf Grund eines neuen Naherurigsansat z e s 
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U 



m 



where 



Temperature 

Tith the ns-aal TDoundary layer approximations, the 
equation for the terapcrature T is 

U + V — = — — ' ^, V r — ] 
Sx Sr r Sr V cr / 

The sam.e general boundary conditions apply to the temper- 
ature as were applied to velocity. 

2t) ?^o^^I^tjli^^._illMf - Since the ahove equa- 

tion in T is the same as the equation of motion (in U) 
corresponding to the momentum transfer theory, it follows 
that the temperature distrihution is the same as the 
V e 1 0 c i t y d i s t r i "bu t i 0 n . 

h) Mo4iil^^_>Iort ic 3,t jr_t ransf 0^ The previously 

ohtained soliitions for U and V are put into the tem- 
perature equation, along with the assumption that 

7v = -ex" ^ 
o r 

as before. 

This leads to a solutior. for T/Tj^ as an exponential 
function which converges much more raT)idly than the veloc- 

c) In solving for the temperature distribution, Lin 
uses a constant coefficient of thermal diffusion, analogous 
to the use of a constant shear coefficient. This leads to 
a power law relationship between the velocity and tempera- 
ture distribution, which is written 



^m V ^m/ 



where is not given by the theory bi:t must be deter- 

mined experimentally. 
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DISCUSSION Ot RESULTS 
The Nature of tlie Tlow 



figure 27 is a series of o sc i 1 1 o^.;r ams of the axial 
velocity f ir.c t aat i ons at varioue radial positions on a 
section 20 disnioters from the nozzle mouth. This series 
shows that the flo^ in a Hurhulent Jet" is fully turbu- 
lent only out to app'^oximat eiy v = t^. JTor r>r^, 

there exists first an annular "transition region'* in 
which the flow alternates 'oetween the turl^ulent and the 
laminar re^^iuies-. The fraction of the total time during 
which the turbulent s^.ate prevails decreases as the 
radial distance is increased. Then, near the ed^e of 
the Jet and extending to zero velocity is what might be 
termed the annular "laminar collar." Of course, this 
laminar collar differs fror: the usual concept of a lam- 
inar "boundary layer or a laminar sublayer in a turbulent 
boundary layer next to a wall; the difference is that 
there e^iists an appreciable radial (V) c omp onent___i n the 
mean velocity. The disappearance, however, of uv-corre- 
lation toward the edge of the Jet can be taken as a clear 
indication that the m.omentiim. transfer here is essentially 
laminar. 

The cause of the deterioration of the turbulent flow 
toward the edge of the Jet is not immediately apparent ^ 
since there is no solid wall to damp out the v-f luctuat ions 
as in the conventional turbulent boundary layer. 

The similarity between this entire flow condition and 
the history in the mean flow direction of the flow in the 
boundary layer along a wall is striking. The nrincipal 
difference is that the sequence of flov; regimes extends in 
a direction perpendicular to the mean flow, while in the 
latter case it extends in the mioan flow direction. The 
oscillograms of the Jet—transition region are identical 
with some of the oscillograms of the transition from a 
lam.inar to a turbulent boundary layer. 

A m.ore significant aspect of the verification of this 
flow pattern in the turbulent Jet is that this may present 
an insight into the nature of the flow in a fully developed 
turbulent boundary layer next to a solid wall- It is well 
known that a thin laminar sublayer exists immediately ad- 
jacent to the solid boundary, and that there is no sharp 
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point of demarcation, but a n-^rrow region of transition. 
The fl 077 in this region is prohahly of the same nature 
as the flow in the annular transition region of the 
turbulent jetc 

It will he noted that the general location of the 
transition region in the jet is more or less the san.e as 
the location of the maximums of the "^V^R curves at 
all sections (see figs. 18 to 22), This may mean that a 
part of the "turbulence" is due not to the usual turbu- 
lent velocity fluctuations, but to actual differences in 
the local mean velocity at a point, as the flo-v oscillates 
bet:7een the turbulent and the laminar states. This ex- 
planation was first ^-iven by Liepmann in connection with 
the studies reiDOrted in reference i: to explain the high 
apparent turbulence level in the transition region of a 
boundary layer adjacent to a solid wall> It shoiild, 
however, be recorded that no definite one-sided turbulent 
bursts on the oscillogram were seen in the case of the 
jet. 



Comparison between Theory and Experiment 

a) Velocity Cn fi^-ures 29, 30, and 31 are plotted 
the results' of the three theories briefly discussed and 
the experimentally observed points. For purposes of com- 
parison, the theories and experiment have all been matched 
at r = r^. This seems to be an especially suitable method 
in vie^>^ of the fact that this radius is a.ppr oximat ely the 
boundary of the completely turbulent jet core. 

In inspecting these figures, it must be remembered 
that the experimental points have not been corrected for 
the effect of turbulence upon the hot wire. This correc- 
tion vrould appreciably decrease the measured velocity 
everywhere but near the axis. Qualitatively, such a cor- 
rection, fcllowed by proper refitting of the experimental 
points at r = r^, would primarily widen the profile 
peak. Since the problem of correcting hot-wire measure- 
ments for the effect of very high turbulence levels 
(u*/U above about 20 percent) is still under considera- 
tion at the G-ALCIT, the results are presented as observed 
and vrithout correction. The question of turbulence cor- 
rections is taken up briefly in appendix II. 
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, It should "be mentioned also that the mean speeds at 
stations 10, 20., and 40. were measured iDy the constant- 
curreM method; In this method, the' values at extremely 
low speeds are- too high because of convection cooling,-- 
77hen sufficient current is used to give* reasonable .se-nsi- 
tivity at the higher speeds. The c onstant-i-esi stance 
(and, therefore, constant-sensitivity) miethod is much 
more satisfactory when a wide velocity range is to be 
covered, and was employed at stations 5 and 30. The ob- 
servations by the two methods diverge perceiDtibly only 
at the extreme edge of the Jet. In figure 30 the scatter 
everywhere but at the extreme edges is ordinary experi- 
mental scatter. 

As mentioned before, similarity in the velocity 
profile is reached at about x = IC diameters. 

Since the three theoretical analyses assumie a tur- 
bulent state across the full width of th-e jet, the degree, 
of agreement between theory and ex-periment in the region 
for r > r^j is evidently of secondary imiportance. In- 
spection of the (theoretically) significant region of 
r < r^ indicates a satisfactory check between the ob-. 
served points and the curve based upon a constant shear 
coefficient. It is obvious that the large discrepancy ' 
in the outer part of the Jet between experiment and con- 
stant shear coefficient theory cannot be due to the .method 
of velocity measurement (hot-wire measures Uj^ instead 

of U); correcting the exp er imient al points to be U in^^ 
stead of Uj^ would increase the discrepancy. 

The physical requirements of constant flux of momen- 
tum across all sections of the ^et plus the usual assum.p- 
tion of velocity-profile similarity- lead to the requirement 
of^a hyperbolic decrease in the mean speed along the Jet 
axis. . A plot of the axial velocity distr i'but ion on loga- 
rithmic cross-section paoer (fig. 35) shows 'that the de- 
crease appr oximat e,s a nearly hyperbolic -QOwer law from 1.0 
to 30 diameters, but deviates markedly at greater distances. 
This deviation may indicate either that the veloci-ty de- 
crease does not follow a simple power law or that external 
disturbances have begun to be felt. A check run of the 
axial velocity distribution for more than twice as 

large as used in all these measurements gave an identical 
deviation from the hyperbolic distribution. From the ex- 
perimental setup it appears unlikely that external 
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disturbances would "be felt "before x = 50 diameters. If, 
then, it is assumed that external effects are negli^l'ble, 
this deviation seems to deny the existence of exact simi- 
larity, since the constant flux of momentum is a simx^le 
phys ical requirement . The only remaining possihility is 
that the axial pressure gradient cannot te neglected. 

The similarity property, however, of the jet as rep- 
resented "by a linear increase in the width of the velocity 
profiles with downstreajn distance is well checked out to 
X = Uo diameters in figure 36, Surprisingly, the line 
passes very nearly through the nozzle mouth when extrapo- 
lated to zero jet width. 

All the theoretical analyses assume mixing length 
increasing linearly with axial distance: I = ex. A cal- 
culation of c at X = 20 diameters, "based on the momen-- 
turn transfer theory leads to c « O.OI66. Tollmien gives 
a value of Oa015g. 

h ) Temperature.- Since Lin's analysis does not ex- 
plicitly give the temperature profile as a function of- 
the velocity profile, hut leaves one constant to he deter- 
mined hy experiment, only the results of the other two 
theories have "been plotted in figures 32,. 33t and 3^ ^ov 
comparison with the experimental results. 

In spite of the considera'bl e scatter, it is evident 
that theoretical and exp er iment al t emp er atur e distribu- 
tions do not agree if the velocity distributions are- 
matched at r = rQ. If, on the other hand, the tempera- 
tures were fitted at the radius where T = l/? Tj^, then 
the experimental and theoretical velocity profiles would 
exhibit a wide divergence; while the temperatures would 
check reasonably well. 

Since there is no method of determining which fit- 
ting procedure is more nearly correct, the only permissi- 
ble conclusion is that none of the existing theories 
gives a satisfactory quantitative relationship between 
the spread of velocity and the spread of temperature in 
a turbulent heated jet. 

It would seem that a better understanding of the 
basic relation between the mechanisms of the diffusion 
of velocity and temperature could be gotten by measure- 
ments of the temperature fluctuation (t*, say, and 
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perhaps t^t^ correlations) and "by the comparison of 
these measurements with the corresponding kinematic 
quant it ies. 

It should "be noticed (fig» 35) that the axial tem- 
perature di st r ihut i on is approximately hyperbolic in 
form and that the temperature jet>-wicl.th (fig- 36) in- 
creases very nearly linearly with axial distance. I. 
glance at figure 22 or 34 will show that the point st 
40 diameters is extiemsly unreliaDle. 



Turbulence 

The quantity 'i-'' V^R scarcely he useful in a 

flow where instantaneous values of u are often greater 
than Uj^. This is certainly the case at the edge of the 

jet J and therefore it v/as felt that a dimensi onless 
quantity u ' /Urr proportional to u^, plotted as a func- 
tion of radius, would give a more useful "oicture of the 
velocity fluctuations in the Jet, Further, when the 
turbulence distributions at various axial positions are 
to be compared, the quantity '-^'/'^o plotted (fig. 23). 

It can be seen from, figure 23 that the local minimum 
at the center of the turbulence distributions does not 
disappear before an axial distance of about 20 diameters. 
Thus, although sin:ilarity of velocity profiles is effec- 
tively reached at 8 or 10 diameters, real kinematic simi- 
larity is not reached -antil about 2 0 diam.eters. 

It is also interesting to note that the local m.axi— 
mum.s in the curves for x <: 2 0 diam.eters remain at about 
the same radius independent of axia 1' p o s i t i on and that 
this radius is approximately the nozzle mouth radius. Of 
course, the rather arbitrary curve fairing determines the 
exact location of the peaks. However, this matter is re- 
lated to the problem of the ev*"olution froiv. a rectangular 
velocity profile with very low turbulence to the fully 
developed turbulent jet, which still awaits an adequate 
basic experimental invest i gat i on. 

The axial distribution of u'/Uq is plotted on fig- 
ure 35, and although a straight line has been drawn ten- 
tatively through three points, the points do not indicate 
a simple power lawo 
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As mentioned id revi ously , the curves of figure 23 
give a clear picture of the spread of the turbulent 
kinetic energy. Of course, there is a continuous, gener- 
ation of turbulent kinetic energy from the kinetic energy 
of the mean flovr. A quantitative loicture of the kinetic 
energy history of the jet is gotten by integrating the 
squares of the velocity profiles and the squares of the 
curves on figure 23, The turbulent kinetic energy in 
the lateral fluctuations Av) is gotten frorr. the v' dis- 
tribution measured at x = 20 diameters. It has then 
been assumed that at all the other stations the v-energy 
is in the same ratio to the u-energy as at 20 diameters. 
Also, the total w-energy at a section is taken as equal 
to the v-energy for the purpose of this calculation. 

The results are plotted on figure 37. The total 
kinetic energy and the kinetic energy of the mean, 

flo^v Ej^ crossing a section in unit tin-^e are plotted 
against axial position. The difference betv/een these 
two curves is the kinetic energy of the turbulent fluc- 
tuations E*. The third curve gives the fraction of the 
total kinetic energy that consists of turbulent energy, 
at a "section. This curve seems to approach a constant 
value approximately where the jet achieves complete 
similarity. At large axial distances, however, it ap- 
parently begins to drop off. It is possible that this 
is merely experimental scatter. The deviation at x = 40 
diameters is also clearly visible on figure 38. which is 
a logarithmic plot of the total, the moan flow, and the 
turbulent kinetic energies* 



Shear 

The turbulent shear is proportional to the uv cor- 
relation at a point, v^hich i s p 1 ot t ed in dimensionless 
form at the bottom., of figure 25. From this it is seen 
that the turbulent shear-drops off more rapidly along a 
radial line than does the mean velocity. The ratio of 
turbulent shear to laminar shear is of more practical 
significance, and this is plotted on figure 39. In the 
computation of the laminar shear the velocity profile 
slopes have been determined graphically so that a sizable 
probable error has been introduced, ■© ar t icular ly near the 
center of the jet. In f act , it is possible that the m*ax- 
imum located off the axis is merely due to scatter. 
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From figure 39 can "be seen that in the radial 
direction the turl^ulent and laminar shears reach the 
same order of magnitude hefore the m.ean velocity re-'^ches 
zero^ This is one of the indications that the flow is 
not completely turliul ent out to the edge of the jeto The 
correlation coefficient Ruv » plotted on figure 25c 
reaches a maximum value of ahout 0o'^2» Wattendorf *s 
maximum of 0«33 and Reichardt*s maximum of OoP^c iDoth 
comiDuted "by Von__Zarman ( r ef er enc e 11) for pipe flow^ are 
valuers oX uv/u^ instead of uv/uW^. The maximum value 
of uv/u^ at this cross section in the jet is 0^3^o 

The extreme scatter near the edge of the jet appar- 
ently is due to the fact that in this region one factor 
in the calculation of is a small difference "between 

large quantities each of which already has the normal 
amount of experimental scatter. This excessive scatter 
may "be taken also as an indication that the flow in this 
region is not continuously tur'bulenb. The dotted part 
of the curve has no significance and is put in only for 
com.pleteness. 

Mr, Lin has given a method of calculating the total 
shear at a section from the velocity profile. The method 
is presented in appendix I. and a comparison hetween the 
total shear com.puted in this way and the experimentally 
determined shear is given in figure Uo» For the latter^ 
only the turhulent shear need "be plotted^ since the lam- 
inar com.ponent is negligible in the range. for which the 
points are giveno The curves agree very well in shape, 
although the reason for the discrepancy in magnitude 
toward the edge of the jet is not evident. 

It is worth remarking here that the radial mixing- 
length distribution, computed from the measured turbulent 
shear Ly the assumptions of the momentum tr^^nsfer theory, 
shows a maximum deviation of only ±25 percent from the 
average value for the range 0c2 ro < r < 1.2 rQ. The 
curve is plotted in figure Ul, As in the case of figure 
39» apparently complex nature of the curve, with two 

extremes on one side of the axis, may "be due to the 
method of obtaining the results^ which includes a graph- 
ical determination of the velocity profile slopes« 



1 



28 



Scale of Turbulence 

The measurBment of the u^^u^/u^ correlation-coef- 
ficient curve, symmetrical about the jet axis at 20 
diameters (fig. 26), served a double purpose. First, it 
gave the scale of turbulence at a "point'' in the jote - 
Second, it showed that there existed no instability of 
the jet as a whole, such as 770uld cause whipping and 
therefor e a-n additrafiat negative correlation between 
points on opposite sides of the jet. 

COKLUSI 0DT3 



1. In a fully developed turbulent jet with axial 
symmetry, a completely turbulent flow exists only in the 
core region out to the radius at which the velocity is 
about one-half the maximuiTi velocity at the cross section. 
Outside of this core is a wide annular transition region, 

'and from the outside of that to the edge of the jet the 
flow is in the nature of a laminar collar. 

2. In a turbulent heated jet the temperature diffuses 
more rapidly than the velocity, as also has been recorded 
in all previously published results. 

3. Uone of the existing turbulence theories gives a 
satisfactory quantitative relationship between the spread 
of velocity and the spread of temperature.. 

4. If theoretical and experimental velocity profiles 
are matched at the radius where the velocity has one-half 
its maximum value at the section, the theoretical curve 
resulting from the assumption of a constant effective 
shear coefficient gives the best agreement with experiment 
over the fully turbulent core of the jet, which is the 
only region where turbulence theories may be expected to 
apply.- 

5. Reasonably good similarity of velocity and turbu- 
lence profiles in an axial ly sym.metrical jet is not 
reached until an axial distance of at least 20 diameters 
where the profile of turbulence V^m loses its local 
minimum on the jet axiSv 

The non-hyperbolic nature of the axial velocity dis- 
tribution, however, indicates the possibility that even 
then the similarity is only approximate. 
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6o In a heated axially synnmetrical jet, the dimen- 
sionless temperature distritution across a section near 
the orifice is narrov^er at the top and wider at the "bot- 
tom than the coi responding dimension.less velocity 
di strihnt ion. At large axial distances, the temperature 
profile is everywhere wider than the velocity. The com- 
mon toundary of these t^o re.^ions is at nn axial distance 
of about 7 orifice diameters. 

This checks the known result that the effective 
heat-t ransf e.'* coefficient is £;reater than the effective- 
shear coefficient. 
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APPEEOIX I 

OALCULATIOlv OF SS>]AR DI STRIBUT I C"^J f'BOM YELOCTTy PROFILE 



Consider the " h oundary-j ay or form'^ of the Navier- 
Stokes equation in cylindrical ooordinates: 

U ^2 + Y ^^1 =. 3_ ( p T ) ( 1 ) 

fix c)r ar 

The equstion is t r an si orm:-.d i n the conventional 
fashion, by assuming simil.^. • j Ly ^ chanes'ing to an independ- 
ent variable ri I ^ ^^.di taking;' a stream function in the 

X 

form ^!,' = Axli^i)^ where A is a constant. The velocity 
c om.D onent 3 axe then 



u = 1 Ml = AF ' 

r fi r xri 



(2) 

r ^X X ^ T, T|. 



V = _ i ^ . I I 
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ilext , an exmression for the shear is assuraed: 

T B p X ' f (ti) (5) 

Sutstituting equations (2) and (2) into (l) and 
simplifying the resulting equation gives 

^1 L 111 ^ I A x'^^^ A. (Tif ) (4) 

and now n = -1 is chosen so that x disappears from 
the equation, and the siir=ilarity requirement is satisfied. 
Comhining the two terms on the left side, and multiplying 
throuc^-h the equation oy ri : 

±^ ^ = B ± (nf) 
dri V Ti y dT] 

which immediately integrates as 

f = ^l^L (5) 



B X] 



2 



where the constant of integration is zero. 

This gives the shear in simplest form: 

a" 



p :i- FF' (6) 



J.2 



although for calculation purposes, a more convenient form 
i s 



FF' 
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APPSITDIX II 

HIiimHKS OH THE CORRECT I CIT OE KCT--/7IHE ME/xSUHEKENTS 
EOH THE EFFECT OF TURBULEHCE 



If U is defiiiod as the true mean vePuOcity (neglect 
ing 7 and W), v, and w as the instantaneous 

components of the fluctuation velocity and q. as the 
total velocity at any instant, then 



} + V + w \,1 ; 



In using the hot wire as a mean— speed measuring: device- 
it is dGSira"blG to knov/ U, hut the hot wire actually 
measures , and v;hen the turhulenco level is suffi- 
ciently high some correction must 09 appliedo 

The relationship oetween cT and U may "be ohtainevd 
"by writing 



or , hy le 1 1 ing 



4- v;*^ = (a — l) u* 



= U / l+ 2^+a 



7^7 



u 

and ercpanding the radical out to terms in ^"^T^ 



a = U 



, i n c e u = 0 . 
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This expansion converges only for 







2 






< 


2 - a 













If equation (3) is rewritten in the form 



q = U 



fl . h ll ^ (a -1) (^i-^" 



1 + ^ 

U 



(5) 



an expansion convergent for 



(a - 1) ^ 



/ 



■a 
U 



1 4- B 



! ^ 1 



can "be o"btained» 

It must "be r einen"b er ed that u/U is a fluctuating 
quantity with a di s t riliut i on prolDalDly similar to the 
Gaussian and symmetrical alDout zero. This means that the 
convergence requirements must he met hy the main hody of 
the distr ihution, if not hy the edges. 



The principal difficulty with such a theoretical cor- 

___ 

rection is that the values of (^] 



are unknown for the 



integer [n*l > 2. Therefore, the expansion cannot he 
computed t o'^ any desired accuracy. If all powers of u/U 
higher than the second are omitted, the expansions of 
equations (3) and (5) gi^^ same result. If, then, it 

is assumed that a = 2 



U 



1+2 



(6) 
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T7hich is plotted in figure 42, This riust "be considered 
as a Qualitative rather than a quantitative correction. 

.A similar attack on the prohlera of correcting hot- 
wire turhulence- level readings for the effect of the tur- 
hulence upon the instrtiment meets ^.vi^h even greater 
difficulties, Thu.s, it would appear that an experimental 
approach to "both problems T70uld he, more fruitful. 

Up 1 0 the present time, no m.easur ement s have oeen 
made at the G-ALCIT to determine the effect of tv.rhulence 
tipon mean— speed readings, out some preliminary measure- 
ments have heen carried out on the effect of tiirhulence 
upon hot—vrire readings of the turhulence. 

The procedure ;vas to vitrate a hot ^7ire sinusoidally 
in the flo:7 direction of a relatively lo^T-turhulence. air 
stream. The vibrating device rras the GALCIT vihrator, 
constructed by i", Knohlock and C. Thiele in 1937 for the 
purpose of determining hot— v/ire t ime— c onst ant s to permit 
proper compensation for therm^al lag. The hot— ^rire circuit 
was properly com-pensated and the true turbulence level 
determined by measurement of the amplitude and frequency 
of the oscillation and the speed of the air stream, 

A comparison hetween the true and the m.easured tur- 
bulence levels is given in figure 43 for the same hot 
v/ire and three different speeds- It is surprising to 
notice that the curve is concave upward for a range- be- 
fore the miain drop-off "begins. The appreciable deviation 
of the points at the highest speed indicates that the 
curve may be dependent upon the sensitivity or the temper- 
ature of the hot 7/ire; and, of course, the applied. com- 
pensation for thermal lag was correct only for relatively 
low turbulence levels. 

It is hoped that tests may be ma,de in the near future 
to determine the effects of high turbulence upon the read- 
ings of both mean velocity and turbulence level with the 
hot— wire anemometer. 
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Figure 1.- Diagram of jet tunnel. 

Three-inch jet unit 
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Figs. 2,3,4 




Figure 2.- 

Tne 
heating 
unit 
mounted 
in the 
main 
tunnel 
contraction. 



Figure 3.- 
View 
looking 
upstream 
at motor- 
propeller 
unit from 
inside 
the 

pressure 
box. 
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Figs. 5,6,7 





Figure 7.- 

A 2-wire 
uv-meter 
or v-meter 
mounted 
on the 
carriage. 
The carriage 
takes 
ordinary 
u-metere 
with no 

external leads. 
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THREE-INCh HEATED JET 
Ax/<t/ D/sfr/but/ons 
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Figure 8. ^ ^ <^x^o/ dfs-hf/tce />» )*i e /-e rs 

(1 block > 10 divisions on 1/40** £ngr. scale. Hold on slight angle.) 
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THREE- IN CM HEATED JET 
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THREE'/NCH HEATED JET 



Velocity 
/. O fcm foe rotate 
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U. « an/a/ //utHi»^*ct$ ¥9f«€'*/y 
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Figure 13. mdiui i ^ c^. 
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THREE-INCH HEATED JET 

Lateral Tr-o^ersc ot X^8 D/omei^rs 



Vg/ocify «^ 
/.Oi — Temf^erai-ur^ 



X/ * mean v*lo*tty 



figs. 14,15 




Figure 14. 
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Figure 16. (1 block - 10/3?") 




NACA Figs. 18,19 

OA/Z-t^c^ HEATED JET 
lateral /rav^erse at ^ - S Diameters 




Figure 18. crn, 

(1 block = 10/3?-) 



ONE -INCH HEAT^P JBT 
Lateral Tr-a^erse at X ~ 10 D/<jm^f-e'rs 




Figure 19. r - Cfft. 
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riga. 20,21 



OA/F-JA/CH HEATED JET 
Lutcrtti Tr-Qi^e/-^c at X 2.0 Diatncters 
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ONE- IN CM. HEATED JET 
Lateral Traverse at X D/ a meters 




Figure 21. 
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HACA Figs. 22,23 

ONB'INCH HEATED JET 
Latc/^al Tr-ai/'^rse at X - 4-0 Oiohneters 
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ONE- INCH HEATEP JET 
Di^tr/ hut ions of Turhu lent l/e I oci ties 




0/VE-/A/CH HEATED JET 
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Figure 24. 
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ONE-INCH HEATED JET 
Douh/e Corrclat/on (uv) 
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Flge. 26,29 
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ONE -INCH HEATED JET 
Aateraf \^e/ocity D/str/hut/on Compar-ed ^/th Theory 
X cUa. 

V ' /oca/ tr%9an velocity 

* velocity on axis , , , , , Momentum Trans fet- 




2. 3 
(1 block - 10/32") 
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figs. 27,28 



(a) r ■ 0 (on axis) 



(b) r » 4.5 cm « 1.07 Tq 




(c) r = 7.5 cm » 1.79 Tq 




(d) r = 9.5 cm - 2.26 Tq 




(e) r » 14.5 cm = 3.45 Tq 
Figure 27.- One -inch heated jet, x = 20 dieunetere. 



(a) r = 0 (on axis) 




(b) r = 1.27 cm « d/2 



w'^u \/ si W w V v/' W J\I\I\K 



(o) Timing wave: 200 c.pA (for fige. 27 and 28) 
Figure 28.- One-inch heated Jet, x « 2 diameters. 
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rigs. 30,31 



ONE-INCH HEATED JET 
Lateral Ve/octty Dtstrfbatfon Comparec/ v^ifh Theory 



* veioetty on ajc/s 

C = ri^t whic h U'iiL 



Mom entom Tmtrsfer 
Mo^i^M^ yortkify Trmnsfer 
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ONE-INCH HEATED JET 
Lotet-al Velocity D/strf butf on Compared *w/^ Theory 
X = 40 dia. 
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Figure 31. 
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Figs. 32,33 



ONE-lNCh HEATaO JET 
Lateral Ten^peratune D/sfr/hution Compared with Theory 
X = J" dia. 
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ONE- INCH H BATED JET 
Lateral Tem/oeratare Distribution Compared th Theory 
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ONE'/A/CH HEATED JET 
Loter-a/ Tefnper-ofare D/str/hution Co/npor^^^ fV/ZA 

X = 40 dia. 

/^ofne.i turn Tr-Ans-frr- 



figs. 34,35 



Modified Vorf^/eJty Tr^fts^ 




figure 34. 
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ONE' INCH HEATED JET 
Spread of M^Qn Ve/ocfty dna lempe/^ature. 



rigs. 36,37 
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tl ■ roc/fus «/ whic/f frnyotrmtUrv fs -J^ of i* rrt^rmfare on ox/s 
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Figure 36. 
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Figure 38. 
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ONB-INCH HEATED JET 
/?Qf/o of Turjiio/ent Shear to Lam/nor Shear 
X 2,0 dia,. 
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ONE- INCH HEATED JET 
M i^/ny Leny t/i D/s tHhu t to/7 
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^ " ^0/7 ¥e/ocjf^ on axis 
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Mtx/ny /en ^tA^ commuted from 

Qncf t^e/ocjfy /oro///c, occotc//n^ 
to osJu/rt^/-/o^ o//V^n? A^o/nen/ct/n 
Trnnsf^r Theory. 
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HOT-WIRE ANEMOMETER 



for E^^ecf of Tut-6uhnce 
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Figure 42. 
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